Magnetic and Electronic Properties of Li^Co02 Single Crystals 
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Measurements of electrical resistivity (p), DC magnetization (M) and specific heat (C) have 
been performed on layered oxide Lia:Co02 (0.25<a::<0.99) using single crystal specimens. The p 
versus temperature (T) curve for x=0.90 and 0.99 is found to be insulating but a metaUic behavior 
is observed for 0.25<a:;<0.71. At Ts~155 K, a sharp anomaly is observed in the p—T, M—T 
and C/T—T curves for a;=0.66 with thermal hysteresis, indicating the first-order character of the 
transition. The transition at rs~155 K is observed for the wide range of a;=0.46— 0.71. It is found 
that the M—T curve measured after rapid cool becomes different from that after slow cool below 
Tp, which is ^^130 K for a::=0.46— 0.71. Tp is found to agree with the temperature at which the 
motional narrowing in the '^Li NMR line width is observed, indicating that the Li ions stop diffusing 
and order at the regular site below Tp. The ordering of Li ions below Tp^lSO K is likely to be 
triggered and stabilized by the charge ordering in C0O2 layers below Ts- 

PACS numbers: 75.40.Cx, 71.27.+a, 75.30.Kz 



I. INTRODUCTION 

Layered oxide Li2:Co02 has been intensively studied 
for the practical use as a high energy density cath- 
ode material in commercial Li ion batteries. Lij^Co02 
consists of C0O2 layers and interlayers of Li atoms al- 
ternatively stacked along c axis. The related mate- 
rial Naa;Co02, which is originally known as a large 
thermoelectric material^ has been a subject of inten- 
sive study since the discovery of superconductivity in 
NaxCo02-1.3H20 below Tc-S K.^ In C0O2 layers, Co 
ions are in a mixed valence state nominally having spins 
of S^O (Co3+) and 5=1/2 (Co''+), and form a two- 
dimensional (2D) regular triangular lattice, where novel 
types of electronic behavior are expected due to the ge- 
ometrical frustration. Indeed, Naa;Co02 exhibits a rich 
variety of intriguing electronic properties as Na content 
X increases, that is, superconductivity in the hydrated 
compound {x^O.35)^ an insulating ground state induced 
by charge ordering (x^O.S)^,!^ unusual large thermoelec- 
tric power with metallic conductivity (x~0.7),^ a mass- 
enhanced Fermi liquid ground state analogous to LiV2 04 
(a;^0.75),^ and a spin-density-wave state (a;>0.75).^ 

Lia;Co02 has a similar structure with different stack- 
ing sequence of oxygen atom layers, where Li ions oc- 
cupy the octahedral sites with three C0O2 sheets per 
unit cell, while Na ions in Naa;Co02 occupy the pris- 
matic sites with two C0O2 sheets per unit cell. Li dein- 
tercalation from LiCo02 generates Co^+ (tL) ions in 
the 2D triangular lattice of Co^+ (ijg) and leads to a 
hole doping in the i2g orbitals. Although LiCo02 is 
known to be insulating, a metallic behavior is therefore 
expected for the delithiated compound Li2:Co02. It has 
been reported that electrical resistivity near room tem- 
perature decreases abruptly with decreasing x from 1 to 
~0.9^ii^ indicating a transition from insulator to metal. 



For Li2:Co02, a sharp decrease in dc magnetizatior^iSrJ^ 
and increase in resistivity^ have been observed below 
160—170 K with wide range of Li content. This transi- 
tion is of first-order-i^ii^ and the occurrence of charge or- 
dering in C0O2 layers has been suggested. ^^'^^ The fully 
delithiated compound C0O2 {x=0), which is also the end 
member of Na2;Co02, has been found to be a Pauli para- 
magnetic metal without electron correlation due to the 
lack of two dimensionality in the structure contrasting to 
Aa;Co02 (A=Li, Na)^ Some attempts to establish the 
electronic phase diagram of Lij^Co02 have been made 
through the synthesis for the full or nearly full range of x 
using an electrochemical reaction technique. ^^'^^ It is sug- 
gested that the critical Li content Xc at which the mag- 
netic property changes from Pauli paramagnetic type to 
Curie- Weiss one is 0.35— 0.45^^ whereas Xc for Naa:Co02 
is known to be 0.5<^ 

In Li2;Co02, various unconventional nature may be dis- 
covered as in Naa;Co02 due to the characteristic triangu- 
lar C0O2 layers included in common in Aa;Co02. Thus, 
it is interesting to explore the electronic behaviors of 
Li3;Co02, and it also allows to throw further light on the 
origin of the intriguing properties of Naa;Co02. Despite 
the recent intensive studies, details of the intrinsic prop- 
erties of Li2;Co02 still remain unclear. The investigations 
on Li2;Co02 have been so far limited to the powder sam- 
ples. For the further understanding, detailed investiga- 
tions on the microscopic nature using single-crystal spec- 
imens are highly desirable in the future study. For the 
purpose, it is an important first step to synthesize single- 
crystal specimens of Li3;Co02 with systematic change of 
X and survey the physical properties. In the present 
work, we have successfully synthesized single crystals of 
Lia;Co02 with a::=0.25— 0.99 and performed the measure- 
ments of dc magnetization, electrical resistivity and spe- 
cific heat. A first-order transition has been observed 



at Ts'-155 K for the specimen with a::=0.46-0.71. We 
demonstrate that the transition at Tg is always foUowed 
by the ordering of Li ions below Tp^lSO K. This suggests 
the possibility that the ordering of Li ions is triggered and 
stabilized by the charge ordering in C0O2 layers below Tg 
via Coulomb coupling. 



II. EXPERIMENT 

Single crystal specimens of Lia;Co02 were prepared by 
chemically extracting lithium from LiCo02 single crys- 
tals reacting with an oxidizer NO2BF4 in an acetoni- 
trile medium. In the previous work, single crystals of 
LiCo02 were grown in an optical floating-zone furnace^ 
whereas in the present work those were obtained by an 
ion exchange reaction between Li2C03 and Nao.75Co02 
single crystals, which are easier to obtain than LiCo02 
single crystals. The single-crystal growth of Nao.75Co02 
was performed in a similar manner as described in the 
literatureji^, Single crystals of Nao.75Co02 cleaved to a 
thickness of ~0.2 mm were embedded in Li2C03 powder 
in an alumina boat and heated in air at 600° C for 24 h to 
exchange Na and Li ions. An ion exchange reaction with 
LiNOs (250°C, 48 h) is also useful to obtain LiCo02 sin- 
gle crystals. After the reaction, the crystals were washed 
with distilled water repeatedly to remove Li2C03 and 
Na2C03. Chemical extraction of lithium from LiCo02 
single crystals was carried out by immersing the crystals 
in an acetonitrile solution of NO2BF4 under argon at- 
mosphere at 25—35 °C for 3 days. Molar ratio between 
LiCo02 and NO2BF4 was changed to control the Li con- 
tent X ranging up to 1:2. The final products were washed 
with acetonitrile to remove LiBF4. Synthesis of powder 
samples of Li3;Co02 by delithiation using NO2BF4 has 
been reported in the literature-^^ The Li content in the 
pristine and delithiated specimens was determined by in- 
ductively coupled plasma-atomic emission spectroscopy 
(ICP-AES). In this study, we used Lia;Co02 single- crystal 
specimens with a;=0.99 (pristine), 0.90, 0.71, 0.66, 0.46 
and 0.25. To confirm the phase purity of the specimens, 
powder X-ray diffraction (XRD) was performed by a con- 
ventional diffractometer (RINT2200, Rigaku) using Cu 
Ka radiation. Electrical resistivity was measured us- 
ing a standard dc four-probe technique, dc magnetiza- 
tion measurements were carried out using superconduct- 
ing quantum interference device magnetometer (MPMS, 
Quantum Design). Specific heat was measured by a ther- 
mal relaxation method on the physical property measure- 
ment system (PPMS, Quantum Design). 



III. RESULTS AND DISCUSSION 

A. Powder X-ray diffraction 

In Fig. 1, powder XRD patterns for Li2:Co02 with 
2;=0.25-0.99 are shown. Almost all of the peaks observed 
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FIG. 1: (Color online) Powder X-ray diffraction patterns for 
Li^Co02 with 1=0.25-0.99. 



in XRD are indexed based on rhombohedral type space 
group i?3m, indicating that the samples are of single 
phase, although a splitting of the peak into two is readily 
observed in (003), (006) and (009) reflections for the spec- 
imen with a;=0.90. The peak split is due to the existence 
of two hexagonal phase region for 0.75<a;<0.93, which 
has been widely observed in the electrochemical oxida- 
tion process by earlier workersi ^i"'^^'^^' '— Figure 2 displays 
plots of lattice parameter c versus x together with the 
variation in c during the electrochemical Li deinterca- 
lation observed by in-situ X-ray diffraction reproduced 
from Ref. 21. As seen in the figure, the variation of 
lattice parameter c of our specimens is consistent with 
that determined in the previous study. As the oxidation 
of Lij;Co02 proceeds, a monoclinic phase appears in the 
neighborhood of x—0.5 after the transition from hexag- 
onal I to II for 0.75<a;<0.93, and hexagonal and mono- 
clinic phases coexist for a;<0.20.— "— We note that more 
detailed structural phase diagram including the region for 
a::<0.2 has been recently proposed through the measure- 
ments of quasi-open-circuit- voltage of Lij;Co02/Al cellJ^ 
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FIG. 2: Lattice parameter c for Lia;Co02 with a;=0.25— 0.99. 
Tiie dotted lines show the variation of c for Lia;Co02 observed 
by in-situ X-ray diffraction during the electrochemical Li dein- 
tercalation by Amatucci et al (Ref. 21). Hexagonal and mon- 
oclinic phases appear in the oxidation process. 
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FIG. 3: Temperature dependence of dc magnetization mea- 
sured with a magnetic field of H=l T parallel to a6-plane for 
Lia:Co02 with a;=0.99 (a) and 0.90 (b). The measurements 
were done after rapid cool from above 400 K to 10 K (closed 
circles) in addition to the measurements after slow cool down 
to 10 K (open symbols). The insets show close ups of the data 
for 200<T<400 K. 



B. dc magnetization 

In Figs. 3(a) and 3(b), we show the results of the dc 
magnetization (M) measurements as a function of tem- 
perature (T) for Li2:Co02 with a;=0.99 and 0.90 mea- 
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FIG. 4: Temperature dependence of dc magnetization mea- 
sured with a magnetic field of H—1 T parallel to ab-plane for 
Li:j,Co02 with a;=0.71 (a), 0.66 (b), 0.46 (c) and 0.25 (d). The 
measurements were done after rapid cool from 400 K to 10 
K (closed circles) in addition to the measurements after slow 
cool down to 10 K (open symbols). The inset shows the data 
collected during heating and cooling between 140 K and 170 
K for a:=0.66. 



sured with an applied magnetic field of H—1 T paral- 
lel to a6-plane under zero-field-cooled (ZFC) and field- 
cooled (FC) condition. In the measurements, dc magne- 
tization was first measured up to 400 K after rapid cool 
of the sample from above 400 K to 10 K in zero field. 
For rapid cool, the sample was once heated above 400 
K in an electric furnace and quenched in acetonitrile at 
room temperature. This was followed by rapid sample 



insertion into the chamber of the magnetometer kept at 
10 K. Then, the measurements were performed again af- 
ter slow cool from 400 K to 10 K at a rate —10 K/min. 
in zero field and in a magnetic field of 1 T. As seen in 
Figs. 3(a) and 3(b), the M{T) curve after slow cool both 
for a;=0.99 and 0.90 appears to show a Curie- Weiss type 
paramagnetic behavior and any difference is not observed 
in the FC and ZFC measurements, indicating the absence 
of magnetic order. On the other hand, the M{T) curve 
after rapid cool for x=0.99 becomes different from those 
after slow cool below rF^380 K, as seen in the inset of 
Fig. 3(a). Also, it is found in the inset of Fig. 3(b) that 
the M{T) curve for a;=0.90 becomes thermal history de- 
pendent below Tf'^350 K. 

In Figs. 4(a)-4(d), the M{T) curves for Li:,Co02 
with 2;=0.25— 0.71 are shown. The measurements for 
x=0.25— 0.71 were also performed both after rapid and 
slow cool in a similar manner to those for a;=0.90 and 
0.99. In Fig. 4(a), the M{T) curves for a;=0.71 exhibit a 
sharp decrease below Ts'^lSS K. As shown in the inset of 
Fig. 3(a), a thermal hysteresis is observed in the M{T) 
curve for a:=0.71 around Ts, indicating the transition at 
Ts is of first-order. These behaviors have been similarly 
observed in earlier studies J^"— Also it is found that there 
is no difference in the M-pc{T) and Mzfc(T') curves after 
slow cool, but the M{T) curves after slow and rapid cool 
exhibit a splitting below rF~130 K. The characteristic 
behaviors of the M{T) curve for a;=0.71 are similarly ob- 
served for a;=0.66 and 0.46 as seen in Figs. 4(b) and 4(c). 
It is noted that Ts(--155 K) and Tp (~130 K) appears 
to be independent of Li content x for 0.46<a;<0.71. As 
shown later, Tp agrees with the temperature at which 
the motional narrowing in the ^Li NMR line width is ob- 
served, indicating that the Li ions stop diffusing and stay 
at the regular site below Tp. 

In Fig. 4(d), the M{T) curve for a;=0.25 is found 
to exhibit no anomaly contrasting to the sample with 
0.46<x<0.71 but a Curie- Weiss-like T-dependence with 
no sign of magnetic order. x{T) [—M{T)/H] curve for 
x=0.99, 0.90 and 0.25 observed in the FC measurements 
was fitted with the following formula: 



X(T) = xo + 



C 



T-e' 



(1) 



where xqi C* and O denote the T- independent suscep- 
tibility, the Curie constant and the Weiss temperature, 
respectively. Fitting parameters obtained from the fits 
of the x{T) data (10<r<400 K) to Eq. (1) are summa- 
rized in Table 1. In the Table, effective magnetic mo- 
ment fj,cs per Co atom was calculated from C, consid- 
ering that all of the Co atoms are equivalent, while /icff 
per Co^"*" was calculated assuming that all of the Co'^+ 
ions are nonmagnetic (S—Q). Although /ioff per Co^"*" is 
^2.7 /iB for a;=0.99, /ieff yields 1.73 hb corresponding to 
low spin Co^"*" (5'=l/2) if we assume x~0.975. An er- 
ror range Ax^iO.OlS of the composition determined by 
ICP may be possible for a;=0.99. The value of /ies per 
Co''''" is reduced to ~1.1 /ib for the sample with a;=0.90. 



which is near the boundary between metallic and insu- 
lating states, as seen later. For x=0.25, HeS per Co^+ 
still has a large value of ~0.83 /j,b, whereas it has been 
reported that Lia;Co02 obtained by electrochemical oxi- 
dation is Pauli paramagnetic for a;<0.35.^^ In the table, 
it is found that O has a small negative value and xo 
becomes larger with decreasing x probably due to the 
increase of Pauli paramagnetic component. These fea- 
tures are also found in the electrochemically delithiated 



specimens 
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C. Electrical resistivity 



Next, we show the temperature dependence of electri- 
cal resistivity (p) for Lia;Co02 with a;=0.25— 0.99 in Figs. 
5(a)-5(e). The data shown in the figures were collected 
during heating after slow cool down to ~10 K ('^—2 
K/min.). For a;=0.99, the p(T) curve exhibits an insu- 
lating behavior in Fig. 5(a). The p{T) curve for a;=0.99 
was confirmed not to strictly obey an Arrhenius law, 
having a slightly temperature depending activation en- 
ergy of £:a-0.03 eV for r=100-300 K and -0.02 eV for 
T<100 K. Also, an insulating behavior of p{T) with an 
activation energy of 10~^ eV order which varies slightly 
with temperature has been observed in Li2:Co02 with 
x=0.98-0.96 in an earlier study. 'i' For a;=0.90, the p{T) 
curve is nearly temperature independent with resistiv- 
ity —10° J7cm, which is ~50 times smaller than that for 
x=0.99 at 300 K. In Fig. 5(b), the p{T) curve for a;=0.71 
displays a metallic behavior with an amplitude of milcm 
order. Thus, the critical Li content at which the system 
changes from an insulator to metal is likely to be near 
below 0.90. The p{T) curve for a:=0.71 shows a sudden 
increase below —155 K, which corresponds to the first- 
order transition observed in the M{T) curve at Ts— 155 
K. Although a formation of charge ordered state in C0O2 
layers has been expected for x=2/3,i^ no indicative of a 
transition into an insulating state is found in the p(T) 
curve. However, we should note that the slope of the 
p{T) curve for a;=0.71 becomes smaller below the jump 
at Tg— 155 K, suggesting that the transport mechanism 
changes below Tg- The p{T) curve for a:=0.66 is quali- 
tatively similar to that for a;=0.71, as seen in Fig. 5(c). 
For a;=0.66, the data collected during cooling are also 
shown. A slight thermal hysteresis is found in the jump- 
like anomaly at Ts as a result of the first-order character 
of the transition. The p{T) curve for a;=0.46 in Fig. 5(d) 
also shows an anomaly at Tg— 155 K but the anomaly is 
relatively small. In contrast, there is no anomaly in the 
p{T) curve for x=0.25 in Fig. 5(e). Moreover, the resid- 
ual resistivity of the p{T) curve for a:;=0.25 is relatively 
small compared with that for higher x. The higher metal- 
licity for a;=0.25 may be associated with the absence of 
the transition at Tg. 



TABLE I: Constant susceptibility xo, Weiss temperature O, Curie constant C, and effective magnetic moment fi^s for Lii:Co02 
with s=0.99, 0.90 and 0.25. These parameters were extracted from the M{T) data (10<T<400 K) using Eq. (1). 
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0.99 
0.90 
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-11 
-9.4 
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1.40x10"^ 
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0.273 
0.335 
0.720 


2.73 
1.06 
0.831 



D. Specific heat 

Figure 6 displays plots of specific heat divided by tem- 
perature C/T versus T for Lio.66Co02. The measure- 
ments were performed during coohng and heating after 
slow cool (—10 K/min.). The data measured during heat- 
ing show a sharp peak corresponding to the transition at 
Ts'^lSS K, while those measured on cooling show a small 
peak. A large thermal hysteresis is observed as a strong 
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FIG. 5; (Color online) Temperature dependence of electrical 
resistivity measured along a6-plane for Li3;Co02 with 3::=0.99, 
0.90 (a), 0.71 (b), 0.66 (c), 0.46 (d) and 0.25 (e). 



evidence of the first-order character of the transition at 
Tg. The measurements were also carried out in a mag- 
netic field of H^9 T. The C/T peak at Ts is found to 
be not field dependent, indicating that the transition is 
not magnetic one. Assuming the occurrence of charge 
ordering at the fractional Li content x=2/3, the tran- 
sition entropy is calculated as A5=— i?(l/3 In 1/3+2/3 
In 2/3)=5.29 J/mol K, which is the mixing entropy of 
Co'^+/Co"'+ solution. To examine whether or not the 
transition entropy at Tg for a;=0.66 corresponds to that 
of the charge ordering for a;=2/3, we have estimated the 
entropy S* as a function of T from the electronic con- 
tribution of specific heat Co using the thermodynamic 
relationship, 



S{T) 



T' 



dT'. 



(2) 



Cc is given by subtracting the lattice contribution 
C\a,t from the measured specific heat C. The Ciat(T) 
data were estimated from the C{T) data for insulating 
Lio.99Co02. In the inset of Fig. 6, the ^(r) curve ob- 
tained by integrating Cg/T above 2 K is shown. The 
transition entropy is estimated to be AS^l.O J/molK 
for r=140-170 K. This value is 36% of the transition 
entropy of charge ordering for a;=2/3, suggesting the 
possibility that the charge ordering is incomplete and 
a part of careers are localized. This scenario agrees 
with the result that p{T) curve for a;=0.66 exhibits a 
sudden increase at Ts but is still metallic below Tg. 
The transition entropy for Lia;Co02 with x=0.67 has 
been found to be AS'=1.49 J/molK from the magni- 
tude of latent heat in the differential scanning calorime- 
try (DSC) measurements J^ In a similar context, it has 
been argued from the smaller IS.S that the charge order- 
ing is incomplete and a charge disproportionation e.g., 
2Co+3.5^Co+3.5+,5_^Co+3.5-5 Qccursi^ Also for a;=0.71, 
a sharp anomaly at Ts was observed in C{T)/T data. 
For a;=0.46, no distinct anomaly was however observed 
at Ts. This leads us to remember that the anomaly in 
the p{T) curve for a;=0.46 is relatively small compared 
to that for a;=0.66 and 0.71. The DSC measurements 
have also revealed that the transition entropy for a:=0.50 
is A5'=0.47 J/molK, which is considerably smaller than 
that for x=0.67ji^ Thus, it is inferred that the volume 
fraction of the charge ordering at Ts becomes continu- 
ously smaller with decreasing x and may be negligible 
for a;<0.40-0.45. 
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FIG. 6: (Color online) Plots of specific heat divided by tem- 
perature C/r versus temperature T for Lio.66Co02 at H—Q 
and 9 T. The magnetic field was applied parallel to the c-axis. 
The data were collected during heating (closed symbols) and 
cooling (open circles). The solid line represents the lattice 
contribution. The inset shows magnetic entropy versus tem- 
perature curve. 
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FIG. 7: (Color online) Plots of Tp versus x for Li^Co02. Ts 
and Tmn are also plotted. Tmn is the temperature at which 
the motional narrowing in the ^Li NMR line width has been 
observed (Ref. 22). The solid and dotted lines are guides for 
the eyes. 



E. Plots of Tp versus Li content x 

In the dc magnetic measurements, Tp, below which the 
M{T) curve measured after rapid cool becomes different 
from that after slow cool, has been determined for each 
X. We show the plots of Tp versus x in Fig. 7, where Ts 
and the temperature at which the motional narrowing in 
the ^Li NMR line width has been observed (Tmn)^ are 
plotted together. For higher a;(>0.90), Tp decreases with 
decreasing x. In contrast, Tp is a;- independent for x<0.7. 
It is found that the characteristic relationship between 
Tp and x are in good agreement with Tmn versus x data, 
suggesting that Tp corresponds to the temperature above 



which Li ions start to diffuse from the regular site. This 
is also supported by the recent /x+SR experiments on 
Lia;Co02, which have revealed that the Li diffusion starts 
above T]^'-150 K both for x=0.73 and 0.53.23 This fact 
is a firm evidence for the reliability of our result that the 
onset temperature of Li diffusion is x-independent for 
0.45<a;<0.70. The slight difference between T^' (~150 
K) and Tp ('-^130 K) may be due to the difference of 
the sample. The sample used in the /.t+SR experiments 
shows a sudden decrease of M{T) at ~170 K, which is 
also slightly higher than Ts~155 K of our specimens. We 
have found in this study that the difference in the M{T) 
curve after slow and rapid cool is a reliable marker to 
detect the onset of Li diffusion. 



F. Discussion 

In Lij:Co02, Li ions stop diffusing and the ordering 
of Li ions is stabilized below Tp. The origin of the Li+ 
ordering for x<Q.7 and x>0.8 is considered to be dif- 
ferent from each other, since Tp suddenly decreases and 
becomes constant for a;<0.7. As seen in Fig. 7, the first 
order transition at Ts is always followed by the Li+ or- 
dering below Tp'^13Q K, suggesting the possibility that 
the ordering of Li ions is triggered and stabilized by the 
charge ordering in C0O2 layers below Ts, where elec- 
trons combine with cobalt ions. This situation reminds 
us an intimate correlation between Co^+ZCo'*''' charge 
ordering and Na^ ordering (zigzag chain) observed in 
Nao.5Co02^, and also the characteristic ordering pattern 
of Na"*" vacancies in Nao.75Co02 which provides an elec- 
trostatic landscape on the Co layers affecting the elec- 
tronic and magnetic propertiesi^"— For a;=0.66, we have 
observed a fairly small transition entropy at Ts com- 
pared with that expected in the transition into charge 
ordered state for 2;=2/3, in addition to a metallic be- 
havior in the p{T) curve even below Ts. This suggests 
that the carrier localization below Ts is partial. Indeed, 
an electronic disproportionation at Co sites has been ob- 
served in Nao.75Co02, where only 30% of the Co site 
form an ordered pattern of localized Co3+ states*^ More- 
over, we should note that this electronic texture in the 
C0O2 layers would contribute to stabilizing the order- 
ing of Na ions^ as recent calculation also suggest)^ 
Thus, the charge ordering coupled with the Li+ order- 
ing in Lia;Co02 may be analogous to that observed in 
Nao.75Co02. The difference in the aspects of charge or- 
dering between Li^Co02 and Naa;Co02 is however obvi- 
ous, since an insulating state is established by the com- 
plete charge ordering in Nao.5Co02. To clarify the origin 
of the difference, the investigations on the ordering pat- 
terns of Li ions in Li2;Co02 at low T and comparison with 
that in Na2:Co02 are highly desirable. 

Next, we focus on the behavior of M{T) curve, which 
depends on thermal history showing a different ampli- 
tude of M for the measurements after rapid and slow 
cool, as shown in Figs. 3 and 4. The ordering pat- 



tern of Li ions after rapid cool is likely to be different 
from that after slow cool due to the glass-like freezing of 
the Li+ motions by rapid cooling, and should be linked 
with the ordering of Co'^"'"/Co^+ via Coulomb interac- 
tions, which determines the amplitude of M . Thus, rapid 
cooling introduces disorder in Li layers, which would 
disturb the charge ordering in Co layers expected for 
a;=0.46— 0.71 below T^. The destruction of the charge 
ordering may lead to the enhancement of M at low T, 
since the M(T) curve exhibits a sudden increase above 
Tg where the charge ordering is completely destroyed. In 
Figs. 4(a)— 4(c), the amplitude of M{T) after rapid cool 
is indeed enhanced compared to that after slow cool at 
low T and they coincide above Tp, where Li ions can 
diffuse so that the charge ordering in Co layers is repro- 
duced. However, we could not observe a clear anomaly 
in the p{T) curve at Tp for x=0.46— 0.71 even in the 
measurement after rapid cool, because the number of 
electrons which contributes to the metallic conductivity 
never changes across Tp. Forming a contrast, M{T) mea- 
sured after rapid cool is smaller than that after slow cool 
for a:=0.90 and 0.99, as seen in Fig 3. In this case, the 
arrangement of Li ions at high T also would be preserved 
by the freezing of Li+ motions after rapid cool, and the 
difference of M{T) below Tp should also originate from 
the difference in the arrangements of Li ions below Tp. 
We note that the hysteresis observed for x=0.99 is rather 
larger than that for x=0.90. The larger hysteresis seems 
to be associated with the larger Li content in Lio.99Co02, 
although the detailed mechanism is unclear. We could 
not rule out the possibility that Li layers are formed in 
an amorphous state by rapid cooling. If it is the case, the 
difference in the structure in Li layers could arise even for 
x^l.O and is necessary to explain the large thermal his- 
tory dependence in the M{T) curve for a;=0.99. 



formed the measurements of DC magnetization, electri- 
cal resistivity and specific heat. It is found that the 
system changes from an insulator to metal at the crit- 
ical Li content near below a;=0.90 with decreasing x. A 
first-order phase transition is observed at Ts^l55 K for 
a:=0.46— 0.71. Tp below which the M{T) curve becomes 
thermal history dependent is found to correspond to the 
onset temperature of Li+ diffusion. For a;=0.46— 0.71, 
the first-order transition at Ts'^lSS K is always followed 
by the ordering of Li ions below Tp~130 K, suggesting 
the possibility that the ordering of Li ions is triggered 
and stabilized by the charge ordering in Co layers. The 
transition entropy for x—O.QQ estimated from the spe- 
cific heat anomaly is found to be 1.9 mJ/molK, which 
is ^36% of that for the complete Co^+ZCo'^^ charge or- 
dering in Li2/3Co02. In addition, the p(T) curve for 
x=0.66 exhibits a sudden increase but still metallic be- 
low Ts. These facts suggest that the carrier localization 
below Ts is in part. It is inferred that the volume frac- 
tion of the charge ordering below Ts becomes continu- 
ously smaller with decreasing x and may be negligible 
for x<0.40— 0.45. For the further understanding, micro- 
scopic investigations on Lia;Co02 (0.4<a;<0.7) using sin- 
gle crystal specimens are urgently required. Also, it is 
important to establish the ordering patterns of Li ions 
at low T, since there would be a strong correlation be- 
tween the ordering of Li+ and the charge ordering in Co 
layers due to the electrostatic landscape provided by Li+ 
ordering as in Na2:Co02.— >^ 
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